The effect of marine and non-marine phospholipid rich oils when fed to juvenile 1 barramundi (Lates calcarifer). 
Introduction
fish, further investigation is warranted. Moreover, the preferential incorporation and retention 1 of phospholipid fatty acids are important in maintaining phospholipid quality and also to 2 fulfil other downstream roles of the phospholipid classes (Linares and Henderson, 1991) . identified, which may suggest that juvenile barramundi have a requirement for intact 8 phospholipids in order to prevent the onset of deficiency (Alhazzaa et al., 2011b; Tu et al., 9 2013). It appears that when dietary PL are not sufficient then very selective retention of tissue 10 phospholipids occurs in barramundi and other species, until depletion, this being a 11 mechanism to prevent the onset of PL deficiency and secondary pathologies as a result (Skalli 12 and Robin, 2004; Tocher et al., 2008; Tu et al., 2013) .
13
Most phospholipid requirement studies to date have used soybean lecithin containing 14 high levels of n-6 PUFA, while others have used egg lecithin or various other marine sources 15 such as fish roe lecithin (Cahu et al., 2009) . Recent studies have clearly demonstrated the 16 potential of marine derived phospholipid sources to improve larval and juvenile fish 17 performance (Betancor et al., 2012; Taylor et al., 2015) . To date, information is scarce on the 
Ingredient and diet preparation 25
The diets were formulated to provide digestible protein at ~55 %, lipid at ~12 % with a 26 digestible energy value of ~19 MJ/kg. The dry ingredients were passed separately through a 27 hammermill (Mikro Pulverizer, type 1 SH, New Jersey, USA) such that the maximum 28 particle size was less than 750 µm. All ingredients were then thoroughly mixed in using an Table 1 . A single batch of basal diet was prepared then divided up and warmed aliquots of the oil mixtures were thoroughly 1 mixed in. Water was added at approximately 30% of the mash weight and then mixed until 2 consistent dough was formed. The pellets were extruded through a 4mm die attached to a 3 screw-press pasta machine and cut off at lengths of 5 to 6mm. The pellets were dried 4 overnight at 60˚C to a constant dry matter and stored in a freezer until required. The 5 formulation and chemical composition of the four diets are presented in Table 2 . 
Barramundi husbandry and growth

7
Juvenile barramundi (Lates calcarifer) were sourced from the Betta Barra fish hatchery 8 (Atherton, QLD, Australia), on-grown in a 10,000L tank and fed a commercial diet (Marine 9 Float; Ridley Aquafeed, Narangba, QLD, Australia). Prior to commencement of the 10 experiment the fish were transferred to a series of experimental tanks (300L) with flow-11 through seawater (salinity =35 PSU; dissolved oxygen 4.6 ± 0.15 mg /L) maintained at 30.0 ± 12 0.01 ºC (mean ± SD) with a supply rate of about 3 L/min to each of the tanks. The tanks were 13 maintained in an environment-controlled laboratory with the photoperiod set to a constant removed from the caudal vein using 1 mL pre-heparinised syringes and an 18 G needle.
25
Blood was pooled in a single Vacutainer™ tube and then centrifuged at 10,000 rpm for 5 min 26 to settle the erythrocytes. The plasma was then drawn off and transferred to a 1.5 mL
27
Eppendorf™ tube and frozen before being sent for analysis. A sample of liver tissue was then 28 removed and placed into 1.5 mL screw-top vial and kept on dry ice before being transferred 29 to a -80 ˚C freezer until analysis. The same sampling procedure occurred after 56 d with three 30 fish from each treatment while the remaining fish were returned to their respective tank after a short recovery. All sampling procedures occurred 24 h after the last feeding event (Wade et 1 al., 2014).
2
Prior to the termination of the growth assay, faeces were collected using established 3 settlement protocols (Blyth et al., 2014; Glencross et al., 2005) . Briefly, a collection chamber 4 was filled with water and frozen then attached to the evacuation line of a swirl separator and 5 left overnight. The following morning, the collection chamber was removed and the chilled 6 faeces were captured in a plastic sample container and stored at -20 ˚C until analysis. 
Chemical analysis 8
Prior to analysis the diets were each ground to a fine powder using a bench grinder 9 (KnifeTec™ 1095, FOSS, Denmark). The whole fish were passed through a commercial meat 10 mincer (MGT -012, Taiwan) twice to obtain a homogeneous mixture. A sample was taken 11 for dry matter analysis and another sample was freeze-dried along with the faecal samples 12 until no further loss of moisture was observed (Alpha 1-4, Martin Christ, Germany). Dry after combustion of a sample in a muffle furnace at 550˚C for 12 h. Gross energy was 22 determined by adiabatic bomb calorimetry (Parr 6200 Calorimeter, USA). Differences in the 23 ratio of dry matter, protein, lipid and energy to yttrium in the diet and faeces were calculated 24 to determine the apparent digestibility coefficients (ADC) using the formula:
Where Y diet and Y faeces represent the yttrium content in both the diet and faeces, respectively
27
and Parameter diet and Parameter faeces represent the nutritional parameter (dry matter, protein, 28 lipid and energy) in the diet and faeces, respectively (Glencross et al., 2007 Nutrient retention efficiencies were calculated as the ratio of the nutrient or specific fatty acid 4 gained relative to their respective consumption during the study period using the formula: All data are expressed as mean ± SEM unless otherwise specified. All data were checked for 
Results
Growth and feed utilisation 1
In the present study the two levels of omega status were defined as n-3 and n-6 and the two 2 levels of lipid class were defined as neutral lipid and phospholipid. There was no difference 3 in the initial weight of the fish among the treatments; however there were significant 4 differences in the growth and feed utilisation parameters (as final weight, feed intake and 5 FCR) upon termination of the 56 d growth assay (Table 5 ). There were significant interaction 6 terms indicating that the effectiveness of phospholipid-rich ingredients was found to be 7 dependent on the omega status for the final weight, feed intake and FCR. The lowest growth 8 performance was seen in the fish fed n-6 NL (soybean oil) and the FCR was reduced in the n-9 6 PL fed fish (soybean lecithin). There were no differences in terms of survival with only 10 three fish removed from the system. There were no significant differences in either protein or 11 lipid retention (Table 5) .
12
There were no differences in apparent digestibility of dry matter, protein or gross energy 13 (Table 6 ). There was a significant interaction effect indicating that the digestibility of total 14 lipid in the phospholipid-rich treatments was dependent on the omega status with the lowest 15 lipid digestibility in the n-6 PL (soybean lecithin) treatment. There was a significant 16 interaction in the digestibility of 16:0 which showed that the highest digestibility in the n-6
17
NL treatment was dependent on the lipid class. There was also a significant interaction noted
18
for the digestibility of 18:2n-6, total C18PUFA and total n-6 showing that the digestibility of 19 fatty acids from phospholipid-rich ingredients was dependent on the omega status. In each 20 case the digestibility was lowest in the n-6 PL treatment (soybean lecithin). Similarly, the 21 digestibility of 18:3n-3 was significantly lower in the n-6 PL fed fish. 
Biochemical analysis
23
As intended, the neutral and polar composition of the diets was reflective of the lipid 24 composition of the ingredients used (Table 3 ).There were no significant differences in the (Table 7) . Fatty acid analysis of the neutral and polar fractions revealed 27 several significant differences among the treatments. Significant interaction terms were noted 28 for many of the neutral lipid fatty acids. Most notably, the effect of phospholipid-rich 29 ingredients on LC-PUFA (specifically 22:6n-3, 22:5n-3 and 20:5n-3) composition in the 30 whole fish were found to be dependent on the omega status with the highest levels present in the n-3 treatments. Of the polar lipid fatty acids, the18:2n-6 composition was significantly 1 higher in the n-6 treatments whereas the 16:0, 20:5n-3 and 22:6n-3 composition was highest 2 in the n-3 treatments.
3
There was several significant interaction terms noted on the apparent in-vivo β-oxidation 4 activity ( Table 8 ). The phospholipid-rich ingredients were found to be effective in modifying 5 the β-oxidation of MUFA in the n-6 PL fed fish however this was not the case for the n-3 PL 6
fish. There was a significant interaction term noted in the β-oxidation C18PUFA and Total n-6 7 with the highest activity in the phospholipid-rich lipid being dependent on the omega status.
8
There was also a significant interaction for the β-oxidation of LC-PUFA and Total n-3 which 9 was dependent on the omega status with the highest activity in the n-3 NL treatments.
10
There was a significant interaction indicating that elongation activity of SFA was highest in 11 the n-6 NL treatment and lowest activity was in the n-3 NL treatment (Table 8 ). There was no 12 detectable elongation activity of the LC-PUFA or Total n-3 in the n-3 NL fed fish; however, 13 when analysed by one-way ANOVA there was significantly greater activity in the n-3 PL fed 14 fish compared to both of the n-6 treatments. There was also a significant interaction in the 15 delta-9 (SCD) desaturation activity with greatest activity recorded in the n-6 NL and the 16 lowest activity in the n-3 NL treatment.
17
There was a significant interaction in the plasma GLDH enzyme with an elevated level 18 present in the n-6 PL treatment which was dependant on the omega status (Table 9 ).
19
Similarly, there was a significant interaction noted on plasma creatinine levels with an 20 elevated level in the n-6 PL fish which was dependent on the omega status. The plasma 21 cholesterol level was significantly elevated in the n-3 PL treatment and lowest in the n-6 NL 22 and n-6 PL treatments. Circulating protein levels in the plasma were also significantly higher 23 in the phospholipid class treatments. Among the haematological parameters, only minor 24 numerical differences were observed with Hb significantly elevated in the n-3 NL fish and 25 haptoglobin significantly elevated in the n-6 PL fish (Table 9) . 
Gene expression 27
Several significant differences were observed in the expression of genes related to fatty acid 28 metabolism ( Figure 1 ). There was a significant interaction in the relative gene expression of dependent on the lipid class. The expression of these genes was at least 1.5-fold higher in the 1 n-6 PL compared to the n-3 PL treatments. There was also a significant interaction effect in fold in the n-3 PL compared to the control. Similarly, the expression of Lc SCD was 5 significantly up regulated in the n-6 treatments compared to the n-3 treatments however there 6 was no interaction effect observed. The expression of Lc ELOVL5 in all treatments was down 7 regulated compared to the initial fish levels however there were no significant differences 8 among the treatments. 
21
Based on the performance data of the present study, it is clear that for barramundi in the 22 range of ~47 to ~238 g, that a response to the lipid ingredients was evident. It should be noted 23 that each of the diets were prepared with a minimum (1% diet) inclusion of FO in order to 24 prevent the onset of essential fatty acid deficiency (Salini et al., 2015) . The growth, feed 25 intake and FCR of the n-3 NL and n-3 PL fed fish were nearly identical. Despite the n-6 PL 26 fed fish being statistically the same weight as the two n-3 diets they consumed significantly 27 more feed which resulted in a higher FCR. Many studies have clearly demonstrated that 28 growth potential is driven by the demand for energy (derived mostly from protein and lipid) 29 in this species (Glencross et al., 2013) . However, the diets in the present study were 30 equivalent in digestible energy and the n-6 PL fish consumed more feed to maintain growth, comparable to the control (n-3 NL) fish suggesting that the difference in FCR is attributable 1 to the lipid ingredients. Therefore this suggests that the lecithin was poorly utilised by the fish 2 as also supported by numerically lower lipid retention in this treatment. There may be other 3 features of the soybean lecithin that contributed to the results observed however investigation 4 of these was beyond the objectives of the present study.
5
A recent study on dietary phospholipids in Atlantic salmon over a range of sizes (from first 6 feeding to ~60 g) found that at 2.6% phospholipid in the form of soybean lecithin reduced 7 growth performance and FCR (Taylor et al., 2015) . However the most profound negative 8 effect of soybean lecithin on growth rate (SGR) was in early phase (first feeding to 2.5 g) 9 rather than the latter stages of growth studied. It should be clearly noted that the diets used in 10 the present study included 7.2 % added lipid to a base of 1% fish oil. Based on the analysed 11 composition of the diets used in the present study, the determined level of phospholipid in the 12 lecithin diet was around 5.8 % and the krill diet was around 4.0%. It is unclear whether this 13 level of inclusion could have influenced the growth performance of the n-6 PL fed fish. In the 14 study of Taylor et al. (2015) , the inclusion of krill oil above 2.6% phospholipid led to a 15 decrease in the growth of Atlantic salmon however no effect of krill oil was seen in the 16 present study. They reasoned that the difference could be due to the reduced energy 17 availability of phospholipid-rich oils compared to that of neutral lipid oils that are mostly 18 triacylglycerol (Taylor et al., 2015) .
19
In larval fish, the digestibility of diets containing phospholipids is consistently better than 20 control diets, mostly owing to their emulsifying effect leading to better absorption by the 21 developing gut system (Coutteau et al., 1997; Tocher et al., 2008) . In contrast, the juvenile 22 barramundi fed soybean lecithin in the present study had the lowest total lipid digestibility 23 potentially owing to its physical characteristics rather than its chemical composition.
24
However, the most abundant fatty acid in the phospholipid fraction of the n-6 PL diet was 25 18:2n-6 and this was also significantly less digestible leading to the lowest total C18PUFA 26 digestibility. These reductions in digestibility most likely also led to the poor FCR observed 27 in that treatment group. However it is unclear whether these effects are caused by the 28 phospholipid composition or another feature of the ingredient as the same effects were not 29 replicated in the krill oil fed fish.
30
A further interesting result of the present study was that the n-6 NL fed fish ate less and 31 consequently grew less than the n-3 treatments with no difference in FCR. The digestibility was also high for the total lipid and all the dominant fatty acids in fish fed the n-6 NL diet.
1
This reduction in growth might be explained by several mechanisms. Firstly, soybean oil 2 lacks any measureable n-3 LC-PUFA and to some extent is also likely to be pro-3 inflammatory due to the high proportion of omega-6 fatty acids (Brown and Hart, 2011; 4 Turchini et al., 2009). However, the reduced growth response should also have been expected 5 in the n-6 PL fed fish as the fatty acid composition of the raw ingredients is quite similar.
6
Of all the studies investigating the use of soybean oil, growth reduction is rarely reported in oil has lead to differences in growth performance, however most simply put, they were 
16
Another more recent hypothesis is that certain fatty acids including 18:2n-6 may influence the fish fed the n-6 NL (soybean oil) diet in the present study were likely to be EFA deficient.
22
However, the same effect did not manifest itself in the n-6 PL fish, indicating a marginal 23 improvement owing to the phospholipid content of the diet.
24
In the present study, the whole body fatty acid composition mostly resembled the diet profiles this effect was seen with the n-6 NL (soybean oil) fish able to retain numerically more n-3 5 LC-PUFA than the n-6 PL fish. Moreover, 18:2n-6 was preferentially retained in the n-6 NL 6 fed fish.
7
In the present study, the apparent in vivo whole body mass-balance of specific fatty acids was 8 calculated to determine discrete differences in metabolism (Turchini et al., 2007) . The LC-
9
PUFA β-oxidation activity was highest in the n-3 NL followed by the n-3 PL fish, typical of however numerically highest in the n-3 NL fed fish and although there is a general lack of 27 data in this and other teleost species it could be argued that these fish were in a diseased state 28 (Nanji, 1983; Sandnes et al., 1988) . However, it may also be reasoned that these are the 29 normal enzyme levels as they are the control group of this study. The elevated glutamate 30 dehydrogenase (GLDH) activity, creatinine level and total protein in the plasma of the n-6 PL 31 fish are potentially indicative of organ failure or dehydration that can be characterised by the depletion of hepatic LC-PUFA stores (Van Waes and Lieber, 1977; Videla et al., 2004 However, in the present study these pathologies were not present and moreover the plasma 8 urea content was unaffected suggesting that the lipid sources used were nutritionally adequate 9 unlike those of the previously mentioned studies. Further work is clearly warranted in this 10 area to resolve some of the discrepancies relating to clinical diagnosis in barramundi and 11 other teleosts.
12
The hepatic expression of genes related to fatty acid initial synthesis (Lc ACYL and Lc FAS)
13
and delta-6 and delta-9 desaturation (Lc FADS2 and Lc SCD), were also significantly up 14 regulated in n-6 PL fed fish. These transcriptional changes suggest that there was potentially 367.9 # Fish meal was defatted using hexane. Please see methods for details. NA, Not analysed; ND, Not detected. ^ 18:1, sum of 18:1n-7, 18:1n-9 cis, 18:1n-9 trans; saturated fatty acids (SFA), sum of 12:0, 14:0, 16:0, 18:0, 20:, 22:0, 24:0; monounsaturated fatty acids (MUFA), sum of 14: 1n-5, 16:1n-7, 18:1n-7, 18:1n-9 (cis and trans), 20:1n-7, 20:1n-9, 22:1n-9, 24:1n-9 ; polyunsaturated fatty acids, with 18 carbon atoms (C18 PUFA), sum 18:2n-6 (cis and trans), 18:3n-6, 18:3n-3, 18:4n-3; long chain polyunsaturated fatty acids, with 20 or more carbon atoms (LC-PUFA), sum 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 20:3n-3, 20:5n-3, 22:5n-3, 22:6n-3 ; n-3, sum of omega 3 C18 PUFA and LC-PUFA; n-6, sum of omega 6 C18 PUFA and LC-PUFA. n-3 NL; Fish oil, n-3 PL; Krill oil, n-6 NL; Soybean oil, n-6 PL; Soybean lecithin; Ret. nutrient = (nutrient final -nutrient initial / nutrient consumed) * 100. ' * ' < 0.05, ' ** ' < 0.01, ' *** ' < 0.001; superscript letters indicate significant differences among means.
† Two-way factorial ANOVA, df 1,1,1,8, post-hoc Tukey's HSD; Elongation analysed by one-way ANOVA, df 2,6, post-hoc Tukey's HSD. NS, not significant P > 0.05. 
